INTRODUCTION
Investigations into the genetics of behavioral traits, from alcohol preference to depression to cognitive ability, have revealed that behavior is highly heritable and likely influenced by many genes (HAMET and TREMBLAY 2005; OROSZI and GOLDMAN 2004; WINTERER and GOLDMAN 2003) . This genetic complexity has led to difficulty identifying genes involved in psychiatric disorders as well as those contributing to general behavioral characteristics. To understand better how genotype influences behavioral phenotype, we performed a detailed analysis of expression profiles throughout the brain to determine which transcripts vary by genetic background and correlate with behavior. Recent catalogues of the mouse transcriptome indicate that there may be fewer than 30,000 protein-coding genes, but that alternate splicing, alternative start and stop sites and microRNAs can add substantially to genetic complexity (CARNINCI et al. 2005) . This makes the dissection of gene expression, an intermediate between polymorphic DNA sequence and variable phenotype, a logical choice to investigate relationships connecting genotype to complex phenotypes like behavior.
Previous studies have examined gene expression profiles in the brain by microarray analysis. Zapala et al. have shown that regional differences in gene expression in the adult brain are largely reflective of the developmental origin of a particular region (ZAPALA et al. 2005) . Investigations into strain related differences have led to estimates that 1-2% of the genes may vary in expression between six brain regions of C57BL/6 and 129SvEv mice (PAVLIDIS and NOBLE 2001; SANDBERG et al. 2000) .
To extend previous studies and gain a more accurate picture of transcriptional variation, we measured gene expression in seven different regions of the mouse brain: amygdala, basal ganglia, cerebellum, frontal cortex, hippocampus, cingulate cortex and olfactory bulb. These regions all play roles in behavior, and they encompass a range of neurocognitive functions, including locomotion, emotion, sensation, learning, and memory. Furthermore, the gene expression profile from each region was examined in ten different inbred mouse strains: 129S1/SvImJ, A/J, AKR/J, BALB/cByJ, BTBR T + tf/J, C3H/HeJ, C57BL/6J, C57L/J, DBA/2J, and FVB/NJ. Taking advantage of the diversity of both brain region and strain, we found 57% of all transcripts assayed show variation across region and/or genetic background, a marked increase over previous reports (PAVLIDIS and NOBLE 2001; SANDBERG et al. 2000; ZAPALA et al. 2005) . This diversity is due to the inclusion of more distantly related strains and is a tool to focus on the molecular causes for the phenotypic diversity observed among these strains.
Performance on the accelerating rotarod is a common motor coordination task, utilized with genetically and pharmacologically modified mouse models. Comparison of this strain-specific phenotype to gene expression serves as a clear proof of principle for our approach relating expression to strain-specific phenotypes. Striking correlation was found between this task and gene expression in the cerebellum, a region involved with motor coordination. Surprisingly, correlation was also found to a lesser extent in the amygdala and hippocampus, suggesting the involvement of fear response and learning and memory in this task. No significant correlations were found in the other brain
regions. These findings demonstrate the power of using gene expression profiles as an intermediate molecular phenotype to link underlying genetic variation to a behavioral phenotype.
RESULTS
Gene expression profiles were generated for seven brain regions in ten inbred strains of mice. Three arrays were hybridized for each strainXregion condition. Each array consisted of pooled RNA from three individual animals, for a total of nine animals per strainXregion condition. Samples were hybridized against a reference RNA (Stratagene, 740100) on the Agilent mouse oligo platform (Agilent, G4121A), which contains features corresponding to 20,871 transcripts. Of these, 14,003 are annotated genes, 4,974 are
ESTs or hypothetical genes, and 1,893 are unknown. These microarray data are publicly available at Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo/). 11,884 transcripts showed variation across brain region and/or strain. The effects of strain and region on expression were analyzed using the Significance Analysis of Microarrays (SAM, (TUSHER et al. 2001) ), and supported by analogous two-way ANOVA analyses including strain by region interaction effects (SD 1).
Widespread gene expression differences across seven mouse brain regions
SAM analyses were performed within each strain to identify transcripts exhibiting significant regional variation with a false discovery rate (FDR)<0.01. 9,949 transcripts showed statistically significant regional expression differences in one or more of the ten strains. These transcripts were grouped by the number of strains in which they exhibited regional variation (Fig. 1a, SD 2 (Fig 1b) .
The relationship between brain regions is illustrated by clustering the regions using strain-averaged gene expression (Fig. 1c) . The cerebellum is the most unique and clusters away from the telencephalic regions. In the telencephalon, olfactory bulb and basal ganglia are distinctive with amygdala and hippocampus more closely related to each other. The frontal cortex and cingulate cortex are the most closely related regions examined. These data are consistent with those of Zapala et al., who found regional cluster analysis recapitulated the development of the embryonic brain (ZAPALA et al. 2005) . Expression data from each individual strain was also clustered separately to examine the differences in relationship between brain regions from strain to strain (SD 4).
Two pairs of strains, A/J-FVB/NJ and 129/SvImJ-C57L/J showed identical region clusters, the latter of which is very similar to the strain-averaged cluster. The brain region clusters of BTBR, BALB/cByJ and C57BL/6J differ only in the placement of a single branch. In eight of the ten strains, frontal and cingulate cortex cluster most closely together. Within each strain we performed all pairwise comparisons of the 7 regions and report transcripts with FDR<0.05 (SD9).
Extensive variation in gene expression among inbred mouse strains
SAM analyses were performed within each brain region to identify transcripts exhibiting significant strain variation at FDR<0.01. 6,371 transcripts showed statistically significant expression differences by strain in one or more brain regions, with the majority being specific to a single brain region ( The relationship between the strains examined is illustrated by cluster analysis using expression levels averaged across brain region (Fig. 2c ). DBA/2J shows the most distinctive pattern of expression of the ten strains. BALB/cByJ and BTBR form a group more distinct from the rest of the strains than from each other. Among the remaining strains, AKR/J forms a branch by itself, while C57L/J and C57BL/6J are more similar to each other. C3H/HeJ and FVB/NJ also cluster together. When the strains are clustered using each brain region individually, the structure of the clusters is markedly different (SD 7). DBA/2J remains the outlier in three of the seven regions. A/J and AKR/J are closely related in four of the seven regions, consistent with a recent SNP analysis (PETKOV et al. 2005) . None of the regional clusters recapitulate the region-averaged cluster structure.
Interaction between strain-and region-specific gene expression profiles
Transcripts appearing in the last column of Fig The relative contribution of strain or region to the variation in expression of each transcript can be described by the portion of the multiple regression R 2 attributable to strain and region as main effects. A slightly larger average R 2 value is observed for brain region effect than for strain effect (Fig. 3b ). This tendency is more pronounced for higher R 2 values. For example, nine-fold more transcripts exhibit R 2 >0.6 for brain region effect (716) than for strain effect (78). However, there are some transcripts whose explained variation is due more to strain than brain region. The transcripts at the extremes are often those from the last columns of figure 1a and 2a.
Gene expression is correlated with motor task performance in the cerebellum, amygdala and hippocampus
A further goal of quantifying expression variation is to investigate the genetic contribution to biological function. Inbred mouse strains differ in many physiological and behavioral phenotypes (BOGUE and GRUBB 2004) . One behavioral phenotype showing strain-specific variation is performance on the rotarod task (Fig. 4a ). This task assays motor coordination by requiring a mouse to walk on a rotating rod as its rotation increases; latency to fall is a measure of motor performance. In the cerebellum, transcripts were tested for correlation with rotarod performance using linear regression analysis in the SAM package. At an FDR of 0.05, 1,409 transcripts showed a positive correlation with rotarod performance, while 686 showed a negative correlation (Fig. 4b,   SD 8 ). Of the 500 transcripts most significantly positively correlated with an increase in rotarod performance, several Gene Ontology (GO) term categories were overrepresented (ZHANG et al. 2004) . These included signal transducer activity, the extracellular region and detection of external stimuli. Of the 500 most negatively correlated transcripts, significant GO term categories included the organelle, nucleic acid binding proteins and the cell cycle (Fig. 4c ).
Significant gene expression correlation was also found in the amygdala and hippocampus. In the amygdala, three genes were positively correlated and 38 were negatively correlated with rotarod performance. In the hippocampus, 529 genes showed a positive correlation between expression and rotarod performance (Fig. 4b, SD 8) . GO
Term analysis of these genes shows an overrepresentation of signal transduction activity, response to stimulus and sensory perception (Fig. 4c) . When similar SAM analyses were performed using gene expression from olfactory bulb, basal ganglia, cingulate and frontal cortices, no significant correlations were found.
DISCUSSION

Widespread gene expression variation across both brain region and strain
Earlier studies estimated 1% of genes show variable expression in a comparison of C57BL6 and 129SvEv (SANDBERG et al. 2000) . Reanalysis of these data with a refined statistical method doubled this estimate (PAVLIDIS and NOBLE 2001) . Using our data, comparison of only these two strains yielded similarly low estimates (data not shown).
However, using ten inbred strains, we found that nearly 30% of transcripts exhibit strainspecific expression variation in at least one region of the brain. This increase is due, in large part, to inclusion of more distantly related strains, such as AKR/J and FVB/NJ, providing a greater opportunity to relate expression to phenotypic differences among strains. The majority of differentially expressed transcripts identified in earlier work are present in our gene lists (PAVLIDIS and NOBLE 2001; SANDBERG et al. 2000) . We hypothesize that many of these genes contribute directly to neurological and behavioral phenotypes, while others are influenced by genetic variation among strains without direct behavioral consequences. Therefore, the list of differentially expressed genes generated by this approach are a rich resource for the genetic dissection of behavior. Prior to this experiment, it was often assumed that differences between strains would be much smaller than between regions (ZAPALA et al. 2005 ). The present analysis shows that there are more transcripts with an R 2 >0.6 for region than there are for strain. For the bulk of the transcripts, however, the mean R 2 is very similar for region or strain.
Furthermore, the mean range of transcript expression is similar across regions and strains.
We also observed transcripts exhibiting significant regional variation in all ten strains tend to show remarkably similar expression profiles across different strains. These genes are likely to perform functions specific to the regions in which they are highly expressed, since this expression has been conserved in all strains. Similarly, transcripts exhibiting strain variation in all seven regions show similar profiles for different regions. The expression of these genes is dependent upon the genetic background and may be involved strain-specific phenotypic changes in multiple organ systems. The range of expression changes in these two sets of genes, however, is still quite similar. So even though the expression of a transcript varies by region in all ten strains, the change in expression observed is not significantly larger than what is seen by a transcript with variable expression in a single strain.
Some transcripts exhibit expression levels largely specific to single strain-region combinations, and the pattern of strain-region specificity is complex. Transcripts with this property may be of particular interest for phenotypes likely to involve specific brain regions. For example, the cerebellum of an AKR/J mouse has more variable transcripts than can be accounted for by transcripts differentially regulated in all AKR/J tissues.
This indicates that AKR/J may perform significantly differently on a motor task.
Similarly, overrepresentation of variable genes in the AKR/J hippocampus may contribute to a differential learning and memory phenotype.
Gene expression is correlated with behavior
Although region-specific expression in the brain may provide clues to function, genetic background-specific expression is required to explain behavioral differences among inbred strains. A gene whose expression does not vary between strains cannot contribute to a difference in behavioral phenotype. Gene expression profiles can be used as an intermediary in efforts to understand phenotypic variation. To demonstrate the feasibility of such an approach, we correlated gene expression data with a behavioral task showing strain-specific variation. In the cerebellum, 2095 transcripts (10%) showed significant correlation between expression level and performance on the rotarod motor performance task across inbred strains. This is indicative of the complexity of motor coordination, as well as the central role of the cerebellum in motor activity. Many known genes were identified in this analysis, several of which have been shown to effect rotarod performance, such as Rac3 (CORBETTA et al. 2005) . Furthermore, a proportion of the genes identified are of unknown function, providing a rich resource for investigation of the genetic control of motor coordination.
Examination of GO terms in the correlation lists revealed functions associated with transcription, such as signal transduction activity and nucleic acid binding proteins (ZHANG et al. 2004 ). GO analysis also shows unexpected results, such as an overrepresentation of transcripts annotated as olfactory receptors in regions other than olfactory bulb, and cell cycle genes in the post-mitotic cerebellum. These unexpected results could reflect the incompleteness of GO annotation, regional specificity in gene function, or the indirect co-expression of genes involved in motor function with other genes in these brain regions. Additional clues to biological function may be revealed by analysis of genes that are targeted by known transcription factors.
While the cerebellum is thought to be involved in motor tasks, regions such as olfactory bulb have not been shown to exhibit similar involvement (MAUK et al. 2000; NIXON 2003; OHYAMA et al. 2003) . Analysis of gene expression in the olfactory bulb yielded no significant correlations with rotarod performance, supporting our general approach.
Furthermore, no significant correlations were found in the basal ganglia, cingulate or frontal cortices with this task, whereas significant correlations were observed in the amygdala and hippocampus. Relatively few genes were found to be correlated with motor function in these regions, perhaps indicating that the major influence on motor coordination is from the cerebellum, with some level of mediation by the other two brain regions, even though the basal ganglia are involved with other aspects of motor function, such as motor planning (GLOVER 2004) . Furthermore, transcripts with significant correlations in the amygdala and hippocampus are not merely a subset of transcripts identified in the cerebellum. This indicates that different mechanisms function in each brain region and suggests that the experiment is not merely identifying the gene expression signature of a particular genetic background in each region examined. There is evidence for a hippocampal role in locomotion (BAST and FELDON 2003) , and the marked improvement with repeated trials typically observed in this procedure suggests a contribution of learning and memory to rotarod performance. The amygdala is not immediately implicated in the rotarod task, but there is potential that differential fear response could be a factor in the strength of the motivation to remain on the rotarod, and could vary with gene expression in the amygdala. These results indicate that performance on the rotarod is a combination of neurocognitive processes involving more than simply cerebellar function.
It is clear that regions of the brain, having specific biological functions, express a unique suite of genes to perform these functions. Many of the genes showing significant variation in specific brain regions in this dataset have also been identified in other published reports on regional specificity. For example, we found significant variation in Foxp1, Actn2 and Rgs9 in the basal ganglia, in accordance with previous studies (DUNAH et al. 2000; FERLAND et al. 2003; RAHMAN et al. 2003; TAMURA et al. 2003; TAMURA et al. 2004; ZAPALA et al. 2005) . However, our data also expand previous studies and show that variation in gene expression in the brain is substantially higher than previously reported.
This catalogue of gene expression is a useful tool for generating hypotheses about the genetic basis of any phenotype showing variation across inbred mouse strains, encompassing behavioral, physiological or pharmacological studies. These data can also be informative in choosing strains likely to be sensitive to manipulations of certain pathways, and thus suitable for a particular experiment. By defining the expression differences between inbred mouse strains, we can examine the effect of genotype on molecular phenotype and ultimately the affect of genetic background on behavior.
MATERIALS AND METHODS
Mice. Male mice, 3-4 weeks of age, were purchased from the Jackson Labs. Upon arrival at the University of North Carolina, mice were housed 4-5 per cage under standard SPF conditions. After acclimating for one week, mice were sacrificed by cervical dislocation and specific brain regions were dissected. Animals used for the rotarod task were as previously described (NADLER et al. 2004 ).
Tissue Samples:
Brains were placed in RNAlater (Ambion) immediately upon removal and remained in the solution during dissection under low magnification. After removing the cerebellum and olfactory bulb, the frontal cortex region was taken from the most anterior cortical area (a), avoiding any remaining olfactory bulb. At this point, a cut was made at the level of the optic chiasm to reveal the basal ganglia region (b) anterior to the cut and leaving the amygdala, cingulate cortex and hippocampus in the posterior section. The basal ganglia region was removed from the anterior portion, avoiding any cortical tissue. From the posterior portion, the cingulate cortex region (c) was removed from both sides of the midline, above the hippocampus, which was visible from the original cut. The amygdala region was taken from both sides of the brain (c). Finally, the hippocampus was blunt dissected from the remaining posterior portion.
Tissues from three mice were pooled by region, such that the tissue sample contained representatives from each home cage. Tissues were stored overnight in RNAlater at 4°C before transferring into TRIzol Reagent (Invitrogen) for homogenization with a Kinematica AG (Brinkmann). The homogenate was stored at -80°C until sample preparation.
RNA Samples. RNA was prepared from the pooled samples using the TRIzol protocol.
Following extraction, the RNeasy miniprep cleanup protocol (Qiagen) was used. RNA was quantitated by spectrophotometer and its quality visualized using the Bioanalyzer Lab-on-a-chip (Agilent).
Microarray. The strategy for microarray hybridization was as follows. Each tissue preparation consisted of a pooled sample from three animals, hybridized to a single array.
Three pools were prepared for each strain by region condition, except C57BL/6J-frontal cortex, C3H/HeJ-cerebellum and C3H/HeJ-hippocampus, which had four pools each.
Pools were derived from independent sets of mice. Each pool was hybridized to a single array. Therefore, each strain by region condition had three biological replicates from which to calculate mean expression and variation. Furthermore, no two biological replicate samples were hybridized concurrently. Arrays were hybridized in batches of six to eight. Microarray analysis was performed using the Agilent Mouse platform (G4121A). 15 µg of total RNA from each sample was labeled with Cy3 using the Agilent Fluorescent Direct Label Kit. Similarly, 15 µg of Stratagene Mouse Universal
Reference RNA (740100) was labeled with Cy5. Differentially labeled RNAs were cohybridized using the Agilent protocol overnight at 60°C. Microarrays were washed using the Agilent SSPE/Solution 3 protocol and scanned using an Agilent scanner. Raw data were collected using Feature Extraction software (Agilent).
Rotarod Task. 20 mice per strain were tested on an accelerating rotarod (Ugo Basile) to assess motor coordination. Each subject was given two trials, with 45 seconds between trials. Rpm (revolutions per minute) were initially 3, with a progressive increase to a maximum of 30 rpm across five minutes (maximum trial length). Measures were taken of latency to fall from the top of the rotating barrel.
Statistical Analysis. Data were normalized by the lowess function using the SMA package in R (http://stat-www.berkeley.edu/users/terry/zarray/Software/smacode.html), and further scale normalized. The log-ratio of background-subtracted Cy3 signal to background-subtracted Cy5 signal was calculated for each spot, and used for subsequent analyses. The Excel plug-in of the Significance Analysis of Microarrays package (SAM, recoded in R to handle large datasets) was used to identify significant changes in gene expression, and to correlate expression in each region with the strain values on the rotarod task as described below (TUSHER et al. 2001) . The false discovery rate was controlled at 0.01 for differential expression hypotheses (2000 permutations), and at 0.05 for correlation with rotarod performance (500 permutations).
Further, two-way analyses of variance were performed for each transcript, to evaluate main effects of strain, region and strainXregion interactions. To assess the relative contribution of strain and region effects, we performed multiple regression analysis of expression values with strain and region as main effect predictors, using the glm function in R. Contributions of strain and tissue to the overall multiple R 2 was determined for each gene separately.
Hierarchical cluster analysis was performed using the hclust routine in R (http://www.rproject.org/), using the Pearson correlation metric. Separate region clustering was performed within each strain, and strains were clustered within each region. In addition, for each spot, an average expression value for each strain was obtained across all brain regions. These average values were used for an overall averaged cluster analysis of the strains. Similarly, an averaged cluster analysis was performed for brain regions, where averages were taken across strains for each brain region.
Pairwise comparisons between individual regions within strains involved too few arrays for SAM analysis, and for these comparisons we used two-sample t-tests assuming unequal variances and the Benjamini-Hochberg FDR-controlling procedure (BENJAMINI and HOCHBERG 1995) .
For the table showing transcripts with expression levels specific to a single strain-region combination (Fig 3a) , the independence of strain and region was assessed via a standard χ 2 contingency table statistic. We subjected the entries to 10,000 random permutations to obtain an empirical p-value. GO term categories in the 500 most highly correlated sequences for both positive and negative correlations. O, observed. E, expected. R, enrichment. P, p-value.
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